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(57) A light emitting apparatus (710) includes: a substrate (703); a plurality of multiple colored radiation emitting
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Description

[0001] This application claims the priority of US.
11/642,089, filed December 20, 2006.

BACKGROUND OF THE INVENTION

[0002] Solid state light emitting devices, including solid
state lamps having light emitting diodes (LEDs) and res-
onant cavity LEDs (RCLEDs) are extremely useful, be-
cause they potentially offer lower fabrication costs and
long term durability benefits over conventional incandes-
cent and fluorescent lamps. Due to their long operation
(burn) time and low power consumption, solid state light
emitting devices frequently provide a functional cost ben-
efit, even when their initial cost is greater than that of
conventional lamps. Because large scale semiconductor
manufacturing techniques may be used, many solid state
lamps may be produced at extremely low cost.
[0003] In addition to applications such as indicator
lights on home and consumer appliances, audio visual
equipment, telecommunication devices and automotive
instrument markings, LEDs have found considerable ap-
plication in indoor and outdoor informational displays.
With the development of efficient LEDs that emit short
wavelength (e.g., blue or ultraviolet (UV)) radiation, it has
become feasible to produce LEDs that generate white
light through down conversion (i.e., phosphor conver-
sion) of a portion of the primary emission of the LED to
longer wavelengths. Conversion of primary emissions of
the LED to longer wavelengths is commonly referred to
as down -conversion of the primary emission. An uncon-
verted portion of the primary emission combines with the
light of longer wavelength to produce white light.
[0004] Phosphor conversion of a portion of the primary
emission of the LED chip is attained by placing a phos-
phor layer in an epoxy that is used to fill the reflector cup,
which houses the LED chip within the LED lamp. The
phosphor is in the form of a powder that is mixed into the
epoxy prior to curing the epoxy. The uncured epoxy slurry
containing the phosphor powder is then deposited onto
the LED chip and is subsequently cured.
[0005] The phosphor particles within the cured epoxy
generally are randomly oriented and interspersed
throughout the epoxy. A portion of the primary radiation
emitted by the LED chip passes through the epoxy with-
out impinging on the phosphor particles, and another por-
tion of the primary radiation emitted by the LED chip im-
pinges on the phosphor particles, causing the phosphor
particles to emit longer wavelength radiation. The com-
bination of the primary short wavelength radiation and
the phosphor- emitted radiation produces white light.
[0006] Current state of the art phosphor-converted
white LED (pc-LED) technology is inefficient in the visible
spectrum. The light output for a single pc-white LED is
below that of typical household incandescent lamps,
which are approximately 10 percent efficient in the visible
spectrum. An LED device having a light output that is

comparable to a typical incandescent lamp’s power den-
sity necessitates a larger LED chip or a design having
multiple LED chips. Moreover, a form of direct energy
absorbing cooling must be incorporated to handle the
temperature rise in the LED device itself. More particu-
larly, the LED device becomes less efficient when heated
to a temperature greater than 100°C., resulting in a de-
clining return in the visible spectrum. The intrinsic phos-
phor conversion efficiency, for some phosphors, drops
dramatically as the temperature increases above approx-
imately 90°C threshold.
[0007] U.S. Patent No. 6,452,217 issued to Wo-
jnarowski et al. is directed to a high power LED lamp or
multiple LED lamp design for use in lighting products and
a source of heat removal therefrom. It has LED die ar-
ranged in a multi-dimensional array. Each LED die has
a semiconductor layer and phosphor material for creation
of white light. A reflector gathers and focuses the light
from each of the die to approximate a high power LED
lamp. Fig.12 of the Patent illustrates a multi-sided array
which emits light at angled ray trace paths. Fig.19 of the
Patent illustrates the LED lamp head being angled.
[0008] U.S. Patent No. 6,600,175 issued to Baretz et
al. and U.S. Patent Application Publication No.
2004/0016938 filed by Baretz et al. are directed to solid
state light emitting devices that produce white light. The
’938 patent application publication is a continuation of
the ’175 patent. The solid state light emitting device gen-
erates a shorter wavelength radiation that is transmitted
to a luminophoric medium for down conversion to yield
white light. In Figs. 2 and 6 of the Patent, there is a spaced
relationship between the LED and the luminophoric me-
dium. In Fig.6, for example, light is emitted from the solid
state device 82 of shorter wavelength radiation, prefer-
ably in the wavelength range of blue to ultraviolet. When
luminophoric medium 90 is impinged with the shorter
wavelength radiation, it is excited to responsively emit
radiation having a wavelength in the visible light spectrum
in a range of wavelengths to produce light perceived as
white.
[0009] U.S. Patent No. 6,630,691 issued to Mueller-
Mach et al. is directed to an LED device comprising a
phosphor-converting substrate that converts a fraction
of the primary light emitted by a light emitting structure
of the LED into one or more wavelengths of light that
combine with unconverted primary light to produce white
light. As shown in Fig.1 of the Patent, LED 2 is disposed
on substrate 10 which is a phosphor. As shown in Fig.2
of the Patent, reflective electrode 21 is disposed on the
surface of the LED. Some primary light emitted by the
LED impinges on reflective electrode 21, which reflects
the primary light back through the LED and through the
substrate. Some of the primary light propagating into the
substrate is converted into yellow light and some is not
converted. When the two types of light are emitted by the
substrate, they combine to produce white light. Utilizing
a reflective electrode improves the efficiency of the LED
device by ensuring that the amount of primary light en-
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tering the substrate is maximized.
[0010] U.S. Patent Application Publication No.
2002/0030444 filed by Muller-Mach et al., which issued
as U.S. Patent No. 6,696,703 to Mueller-Mach et al., is
directed to a thin film phosphor-converted LED structure.
Fig.2 of the Application shows an LED structure 2 and a
phosphor thin film 21 on a surface of LED 2. The LED
generates blue light that impinges on phosphor film 21.
Some light passes through phosphor 21 and some is
absorbed and converted into yellow light which is emitted
from phosphor 21. The blue and yellow light combine to
form white light. In Fig.3 of the Application, a reflective
pad 25 is on a surface of LED 2. Light from LED 2 is
reflected by reflective pad 25 back through LED 2 and
into phosphor 21. Light is then combined, as shown in
Fig.2 of the Patent. Fig.4 of the Patent uses two phosphor
films 31, 33 that are separated from LED 2 by substrate
13. Film 31 emits red light. Film 33 emits green light. Blue
light emitted by LED 2 passes through films 31, 33, which
combines with the red and green light to produce white
light. In the embodiment of Fig.5 of the Application, LED
device 50 includes a plurality of phosphor thin films 37
and 38. A dielectric mirror 36 is disposed between thin
film 37 and substrate 13. The dielectric mirror 36 is fully
transparent to the primary emission of light emitting struc-
ture 2, but is highly reflective at the wavelength of the
emissions of the phosphor thin films 37 and 38. U.S. Pat-
ent Application Publication No. 2002/0030060 filed by
Okazaki is directed to a white semiconductor light-emit-
ting device provided with an ultraviolet light- emitting el-
ement and a phosphor. The phosphor layer has a blue
light-emitting phosphor and a yellow light-emitting phos-
phor, mixedly diffused. The light-emitting device 3 is in-
side reflective case 5. In Figs. 2, 4, and 8 of the Applica-
tion, phosphor layer 6 is formed away from light-emitting
element 3. In Fig.2 of the Application shows phosphor
layer 6 formed inside sealing member 7, which is formed
from a translucent resin. In Figs. 4 and 8 of the Applica-
tion, the phosphor layer is formed on the surface of seal-
ing member 7.
[0011] U.S. Patent Application Publication No.
2002/0218880, filed by Brukilacchio, is directed to an
LED white light optical system. As shown in Fig.1 of the
Application, optical system 100 includes LED optical
source 110, optical filter 120, reflector 130, phosphor lay-
er 135, concentrator 140, a first illumination region 150,
a second illumination region 170, and thermal dissipater
190. Optical filter 120 includes a reflected CCT range
and a transmitted CCT range. Optical energy that is within
the reflected CCT range is prohibited from passing
through optical filter 120 (e.g., via reflection). Optical en-
ergy that enters the optical filter front face 121 from the
phosphor layer back face 137 that is in the reflected range
of optical filter 120 is reflected back into phosphor layer
135. Optical energy that is in the transmitted CCT range
of optical filter 120 transmits through filter 120 and inter-
acts with reflector 130.
[0012] The reflector 130 is a reflective optical element

positioned to reflect optical energy emitted from the LED
optical source back face 112 back into LED optical source
110. The optical energy interacts with the optical material
and a portion of the optical energy exits LED front face
111 and interacts with optical filter 120. The optical en-
ergy then continues into the phosphor layer, thereby pro-
viding a repeating telescoping circular process for the
optical energy that emits from the phosphor layer back
face 137. This repeating process captures optical energy
that otherwise is lost. Concentrator 140 captures optical
energy emitting out of the phosphor layer front face 136.
[0013] U.S. Patent Application Publication No.
2002/0003233 filed by Mueller-Mach et al., which issued
as U.S. Patent No. 6,501,102 to Mueller-Mach et al., are
directed to a LED device that performs phosphor conver-
sion on substantially all of the primary radiation emitted
by the light emitting structure of the LED device to pro-
duce white light. The LED device includes at least one
phosphor-converting element located to receive and ab-
sorb substantially all of the primary light emitted by the
light-emitting structure. The phosphor-converting ele-
ment emits secondary light at second and third wave-
lengths that combine to produce white light. Some em-
bodiments use a reflective electrode on the surface of
the light emitting structure and some do not. In embodi-
ments that use a reflective electrode 21 (Figs. 2, 3, 6, 7
of the Application), a substrate separates the light emit-
ting structure from the phosphor layers. That is, the light
emitting structure is on one side of the substrate and a
phosphor layer is on the other side of the substrate. In
embodiments that do not use a reflective electrode (Figs.
4, 5 of the Application), a phosphor layer is disposed on
a surface of the light emitting structure.
[0014] U.S. Patent No. 6,686,691 issued to Mueller et
al. is directed to a tricolor lamp for the production of white
light. The lamp employs a blue LED and a mixture of red
and green phosphors for the production of white light. As
shown in Fig.3, lamp 20 includes LED 22 which is posi-
tioned in reflector cup 28. LED 22 emits light in a pattern
indicated by lines 26 and a phosphor mixture 24 is posi-
tioned in the pattern. It may be seen that some unab-
sorbed light emitted by LED 22 reflects from walls of re-
flector cup 28 back to phosphor mixture 24. Reflector cup
28 may modify light pattern 26, if light is reflected into a
space not previously covered by the initial light pattern.
The walls of the reflector cup may be parabolic.
[0015] U. S. Patent No. 6,252,254 and 6,580,097, both
issued to Soules et al., are directed to an LED or laser
diode coated with phosphors. The ’097 Patent is a divi-
sion of the ’254 Patent. More particularly, the Patents
disclose a blue-emitting LED covered with a phosphor-
containing covering. The phosphor-containing covering
contains green- emitting phosphors and red-emitting
phosphors. The green and red phosphors are excitable
by the blue-emitting LED.
[0016] U.S. Patent No. 6,513,949 issued to Marshall
et al., U.S. Patent No. 6,692,136 issued to Marshall et
al., and U.S. Patent Application Publication No.
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2002/0067773 filed by Marshall et al. are directed to an
LED/phosphor/LED hybrid lighting system. The ’136 Pat-
ent is a continuation of the ’949 Patent. The ’773 Patent
Application issued as the ’136 Patent. As shown in
Fig.1A, LED 10 includes an LED chip mounted in a re-
flective metal dish or reflector 12 filled with a transparent
epoxy 13. Fig.1B schematically depicts a typical phos-
phor-LED 14 which is substantially identical in construc-
tion to the LED of Fig.1A, except that the epoxy 18 filling
the reflector 16 contains grains 19 of one or more types
of luminescent phosphor materials mixed homogeneous-
ly therein. The phosphor grains 19 convert a portion of
the light emitted by LED chip 15 to light of a different
spectral wavelength. The system permits different light-
ing system performance parameters to be addressed and
optimized as deemed important by varying the color and
number of the LEDs and/or the phosphor of the phosphor-
LED.
[0017] U.S. Patent No. 6,603,258, issued to Mueller-
Mach et al., is directed to a light emitting diode device
that produces white light by combining primary bluish-
green light with phosphor-converted reddish light. The
LED is mounted within a reflector cup that is filled with a
phosphor-converting resin. Primary radiation emitted by
the LED impinges on the phosphor-converting resin. Part
of the primary radiation impinging on the resin is convert-
ed into reddish light. An unconverted portion of the pri-
mary radiation passes through the resin and combines
with the reddish light to produce white light.
[0018] U.S. Patent No. 6,616,862, issued to Srivastava
et al., is directed to halophosphate luminescent materials
co-activated with europium and manganese ions. Fig.3
of the Patent discloses an LED mounted in cup 120 hav-
ing a reflective surface 140 adjacent the LED. The em-
bodiment includes a transparent case 160 in which phos-
phor particles 200 are dispersed. Alternatively, the phos-
phor mixed with a binder may be applied as a coating
over the LED surface. A portion of blue light emitted by
the LED that is not absorbed by the phosphor and the
broad -spectrum light emitted by the phosphor are com-
bined to provide a white light source.
[0019] U.S. Patent Nos. 6,069,440, 6,614,179, and
6,608,332, issued to Shimazu et al., are directed to a
light emitting device comprising a phosphor which con-
verts the wavelength of light emitted by a light emitting
component and emits light. These Patents also disclose
a display device using multiple light emitting devices ar-
ranged in a matrix. These Patents are related because
they flow from the same parent application. U.S. Patent
No. 6,580,224 issued to Ishii et al. is directed to a back-
light for a color liquid crystal display device, a color liquid
crystal display device, and an electroluminescent ele-
ment for a backlight of a color liquid crystal display device.
[0020] U.S. Patent Application Publication No.
2002/0167014 filed by Schlereth et al., which issued as
U.S. Patent No. 6,734,467 to Schlereth et al., are directed
to an LED white light source having a semiconductor LED
based on GaN or InGaN which is at least partly surround-

ed by an encapsulation made of a transparent material.
The transparent material contains a converter substance
for at least partial wavelength conversion of the light emit-
ted by the LED. The LED has a plurality of light-emitting
zones by which a relatively broadband light emission
spectrum is generated energetically above the emission
spectrum of the converter substance.
[0021] A publication entitled "Optical simulation of light
source devices composed of blue LEDs and YAG phos-
phor" by Yamada K., Y. Imai, and K Ishii, published in
Journal of Light and Visual Environment 27(2): 70-74
(2003) discloses using light reflected from a phosphor as
an effective way of obtaining high output from light sourc-
es composed of LEDs and phosphor.

SUMMARY OF THE INVENTION

[0022] A light emitting apparatus comprises a radiation
source for emitting multi-colored radiation. A diffuser ma-
terial receives at least a portion of the multi-colored ra-
diation emitted by the radiation source and converts the
multi-colored radiation into forward transferred radiation
and back transferred radiation. An optic device is coupled
to the diffuser material and is adapted to receive the back
transferred radiation and extract at least a portion of the
back transferred radiation from the optic device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The invention is best understood from the fol-
lowing detailed description when read in connection with
the accompanying drawing. It is emphasized that, ac-
cording to common practice, the various features of the
drawing are not to scale. On the contrary, the dimensions
of the various features are arbitrarily expanded or re-
duced for clarity. Included in the drawing are the following
Figures:

Fig.1 is a graph of relative output versus wavelength
showing reflected and transmitted spectral distribu-
tion of light for one type of phosphor (YAG:Ce);
Fig.2 is a high efficiency light source that uses solid
state emitter(s) and down conversion material, in ac-
cordance with an exemplary embodiment of the
present invention;
Fig.2A is an alternative embodiment of a high effi-
ciency light source that uses multiple colored light
emitting sources and down conversion material;
Fig.2B is a cross-sectional view of a bottom portion
of the high efficiency light source shown in Fig.2A;
Fig.3 is a cross-sectional view of a bottom portion of
the high efficiency light source shown in Fig.2;
Fig.4 illustrates another high efficiency light source
that uses multiple solid state emitters and down con-
version material, in accordance with another exem-
plary embodiment of the present invention;
Fig.5A is yet another embodiment of a high efficiency
light source that uses solid state emitter(s) and down
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conversion material, in accordance with another ex-
emplary embodiment of the present invention;
Fig.5B is a cross-sectional view of the high efficiency
light source shown in Fig.5A;
Fig.6 is an illustration of still another high efficiency
light source that uses solid state emitter(s) and down
conversion material, in accordance with an exem-
plary embodiment of the present invention;
Fig.7 depicts a reflector surrounding the high effi-
ciency light source shown in Fig.6, for redirecting the
rays emitted from the light source(s);
Fig.7A illustrates another exemplary embodiment of
the invention using multiple colored light emitting
sources; Fig.7B illustrates a down conversion mate-
rial dispersed in a down conversion material layer in
accordance with an exemplary embodiment of the
present invention;
Fig.7C illustrates a down conversion material dis-
persed in a down conversion material layer in ac-
cordance with an alternative embodiment of the
present invention;
Fig.7D illustrates a down conversion material dis-
persed in a down conversion material layer in ac-
cordance with another alternative embodiment of the
present invention;
Figs. 8A through 8E illustrate various geometric
shapes for the optical element, or optical lens, dis-
posed immediately above an exemplary light emit-
ting source, in accordance with different exemplary
embodiments of the present invention;
Figs. 8F and 8G illustrate other embodiments of a
reflector and an optic device;
Fig.9A shows a device having multiple high-efficien-
cy light sources that use solid state emitter(s) and
down conversion material placed on a lightpipe for
redirecting the light rays from the light sources, in
accordance with an exemplary embodiment of the
present invention;
Fig.9B is a cross-sectional view of the device shown
in Fig.9A; Fig.9C illustrates a cross-section view of
another alternative embodiment of the device shown
in Fig.9A that may include multiple colored light emit-
ting sources;
Fig.10A is an illustration of another device having
multiple high efficiency light sources that use solid
state emitter(s) and down conversion material dis-
posed around edges of a lightpipe for redirecting the
light rays from the light sources, in accordance with
an exemplary embodiment of the present invention;
Fig.10B is a cross-sectional view of the device shown
in Fig.10A; Fig.11 is an illustration of yet another high
efficiency light source arranged so that it is surround-
ed by a reflector and a high efficiency microlens dif-
fuser, in accordance with an exemplary embodiment
of the present invention;
Fig.1 1A is an illustration of an alternative embodi-
ment of the embodiment illustrated in Fig.1 1 that
may include multiple colored light emitting sources;

Fig.12 is an illustration of still another high efficiency
light source directing radiation towards a down con-
version material and a reflector, where the down con-
version material is disposed between the high effi-
ciency light source and the reflector, in accordance
with an exemplary embodiment of the present inven-
tion;
Fig.12A is an illustration of an alternative embodi-
ment of the embodiment illustrated in Fig.12 that may
include multiple colored light emitting sources;
Fig.13 is a schematic diagram depicting a high pow-
ered light emitter radiating light towards a down con-
version material by way of an optical element, in ac-
cordance with an exemplary embodiment of the
present invention; and
Fig.14 is a diagram illustrating the exemplary radia-
tion rays that may result when an exemplary radia-
tion ray from a short-wavelength LED chip impinges
on a layer of down conversion material.

DETAILED DESCRIPTION OF THE INVENTION

[0024] Although the invention is illustrated and de-
scribed herein with reference to specific embodiments,
the invention is not intended to be limited to the details
shown. Rather, various modifications may be made in
the details within the scope and range of equivalents of
the claims and without departing from the invention.
[0025] Fig.14 is a diagram illustrating the exemplary
radiation rays that may result when an exemplary radia-
tion ray 2000 from a short-wavelength LED chip 2002
impinges on a layer of down conversion material 2004
which may be a phosphor layer. The impingement of ex-
emplary short-wavelength radiation 2000 from a short-
wavelength source such as an LED chip 2002 onto a
down conversion material layer 2004 may produce radi-
ation with four components: back transferred short-wave-
length radiation 2006 reflected from the down conversion
material layer 2004; forward transferred short-wave-
length radiation 2008 transmitted through the down con-
version material layer 2004; forward transferred down-
converted radiation 2010 transmitted through the down
conversion material 2004; and back transferred down-
converted radiation 2012 reflected from the down con-
version material 2004. The four components may com-
bine to produce white light.
[0026] Two of the four components 2010 and 2012 may
each be comprised of two sub-components. One of the
sub-components of forward transferred down-converted
radiation may be emitted radiation 2014; i.e., down-con-
verted radiation having a longer wavelength than the
short-wavelength radiation that impinges onto the down
conversion material layer 2004. The emitted radiation
sub-component 2014 of forward transferred down-con-
verted radiation may be produced by short-wavelength
radiation 2000 impinging on particles of the down con-
version material 2004 as it is transmitted through the
down conversion material 2004. The second sub-com-
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ponent of forward transferred down-converted radiation
may be forward scattered emitted radiation 2016; i.e.,
other down-converted radiation having a longer wave-
length than the short-wavelength radiation 2000 that im-
pinges onto the down conversion material layer 2004.
The forward scattered emitted radiation sub-component
2016 of forward transferred down-converted radiation
2010 may be produced by short-wavelength radiation
2000 impinging on particles of the down conversion ma-
terial 2004 and that also bounces back and forth on the
particles of the down conversion material 2004 before
being transmitted through the down conversion material
2004.
[0027] One of the sub-components of back transferred
down-converted radiation 2012 may be emitted radiation
2020; i.e., down-converted radiation having a longer
wavelength than the short-wavelength radiation 2000
that impinges onto the down conversion material layer
2004. The emitted radiation sub-component 2018 of back
transferred down-converted radiation 2012 may be pro-
duced by short-wavelength radiation 2000 impinging on
particles of the down conversion material 2004 as it is
reflected from the down conversion material 2004. The
second sub-component of back transferred down-con-
verted radiation 2012 may be back scattered emitted ra-
diation 2020; i.e., other down-converted radiation having
a longer wavelength than the short- wavelength radiation
2000 that impinges onto the down conversion material
layer 2004. The back scattered emitted radiation sub-
component 2020 of back transferred down- converted
radiation 2012 may be produced by short-wavelength ra-
diation 2000 impinging on particles of the down conver-
sion material 2004 and that also bounces back and forth
on the particles of down conversion material 2004 before
being reflected from the down conversion material 2004.
[0028] White light may be produced by the combina-
tions of the various components discussed above. In the
forward transferred direction (i.e., for radiation 2008,
2014, 2016, 2010 that is transmitted through the down
conversion material layer), white light may be produced
by the combination of forward transferred short-wave-
length radiation 2008 with either or both of the sub-com-
ponents 2014, 2016 of the forward transferred down-con-
verted radiation 2010. That is, white light may be pro-
duced in the forward transferred direction by the combi-
nation of forward transferred short-wavelength light 2008
with transmitted emitted radiation 2014 and/or with trans-
mitted forward scattered emitted radiation 2016.
[0029] In the back transferred direction (i.e., for radia-
tion 2006, 2018, 2020, 2012 that is reflected from the
down conversion material layer), white light may be pro-
duced by the combination of back transferred short-
wavelength radiation 2006 with either or both of the sub-
components 2018, 2020 of the back transferred down-
converted radiation 2012. That is, white light may be pro-
duced in the back transferred direction by the combina-
tion of back transferred short-wavelength light 2006 with
reflected emitted radiation 2018 and/or with reflected

back scattered emitted radiation 2020.
[0030] The wavelength of the forward transferred
short-wavelength radiation 2008 may be about the same
as the wavelength of the radiation 2000 emitted by a ra-
diation source such as an LED chip 2002. The wave-
length of the back transferred short wavelength radiation
2006 may be about the same as the wavelength of the
radiation 2000 emitted by the radiation source 2002. The
wavelength of the forward transferred short-wavelength
radiation 2008 may be about the same as the wavelength
of the back transferred short-wavelength radiation 2006.
In an exemplary embodiment, the radiation source 2002
may emit radiation exhibiting a wavelength that is less
than 550 nm, more particularly in a range of about 200
nm to less than 550 nm. Accordingly, the wavelength of
the forward transferred short-wavelength radiation 2008
and the wavelength of the back transferred short-wave-
length radiation 2006 may be less than 550 nm, more
particularly in a range of about 200 nm to less than 550
nm.
[0031] The wavelength of the forward transferred
down-converted radiation 2010 (including its sub-com-
ponents 2014, 2016) and the wavelength of the back
transferred down-converted radiation 2012 (including its
sub-components 2018, 2020) may be any wavelength
that is longer that the excitation spectrum of the down
conversion material 2004. In an exemplary embodiment,
the excitation spectrum of the down conversion material
2004 may be in the range of about 300 nm to about 550
nm. In alternative embodiments, other down conversion
materials may be used that have an excitation spectrum
other than in the range of about 300 nm to about 550 nm.
The excitation spectrum of the down conversion material
2004 should produce radiation having a wavelength that
is longer than the wavelength of the radiation produced
by the short- wavelength emitting radiation source 2002.
In an exemplary embodiment, the down conversion ma-
terial 2004 may produce radiation in the range of from
about 490 nm to about 750 nm.
[0032] However, if the LED chip 2002 does not emit
short-wavelength radiation, or if the wavelength of radi-
ation emitted by the LED chip is greater than the excita-
tion spectrum of the down-conversion material, the down-
conversion material layer 2004 behaves like a diffuser
element. Therefore, only two components may be pro-
duced by the down conversion material 2004: forward
transferred radiation 2008 transmitted through the down-
conversion material 2004, and back transferred radiation
2006 reflected from the down-conversion material 2004.
[0033] The inventors have discovered that the per-
formance of phosphor converted LEDs is negatively af-
fected when placing the down-conversion phosphor
close to the LED die. Poor performance is mainly due to
the fact that the phosphor medium surrounding the die
behaves like an isotropic emitter, and some portion of
the back transferred radiation towards the die circulates
between the phosphor layer, the die, and the reflector
cup. As a result, the back transferred radiation increases
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the junction temperature, thus reducing system efficacy
and increasing the yellowing of the encapsulant. All of
these factors reduce the light output over time.
[0034] The literature shows that 60 percent of the light
impinging on the phosphor layer is back transferred, con-
tributing to the described effects (Yamada, et al., 2003).
Lab measurements of eight YAG:Ce phosphor plates
proved that nearly 60% of the radiant energy is trans-
ferred back in the direction of the blue LED source. The
absolute magnitude of the radiant energy reflected de-
pends, among other factors, on the density of the phos-
phor coating. Fig.1 shows the measured reflected spec-
tral power distribution 2 of a blue LED with a YAG:Ce
phosphor plate. Fig.1 also shows the measured trans-
mitted spectral power distribution 4 of the same arrange-
ment. As shown, most of the light is reflected back and
not transmitted forwardly.
[0035] Such effects are expected to be of a higher mag-
nitude in RCLEDs, because their light output is much
more collimated. Consequently, the packaging attempts
to capture the transmitted, emitted, and reflected com-
ponents to improve system efficiency. Additionally, the
inventors have created packaging that allows the phos-
phor layer to be moved away from the die, preventing
radiation feedback into the LED and RCLED. As a result,
the packaging increases the efficiency of the device by
allowing more of the radiation reflected off and emitted
by the phosphor layer to exit the device.. At the same
time, radiation from the RCLED impinges on the phos-
phor layer uniformly to obtain a uniform white light source.
In addition, the life of the LED and RCLED is improved
[0036] In traditional phosphor-converted white LEDs,
where the phosphor is placed adjacent the die, more than
65% of the light generated by the phosphor is back- scat-
tered and lost within the LED package. Based on these
findings, a technique referred to as Scattered Photon Ex-
traction™ (SPE™) has been developed. An aspect of
the technique has been disclosed in pending Internation-
al Application No. PCT/US2005/015736 filed on May 5,
2005 and published as WO 2005/107420 A2 on Novem-
ber 17, 2005.
[0037] To increase the light output from a phosphor-
converted white LED (pc-LED) and to achieve higher lu-
minous efficacy, the down-conversion material (e.g.,
phosphor or quantum dots) is removed to a remote loca-
tion and a properly tailored optic device is placed between
the LED chip and the down-conversion material layer.
Then, the back transferred light can be extracted to in-
crease the overall light output and efficacy. This tech-
nique significantly increases the overall light output and
luminous efficacy of a pc-white LED by extracting the
phosphor emitted and back scattered reflected radiation,
and the reflected short-wavelength radiation that other-
wise would be lost.
[0038] Figs. 2 and 3 illustrate a first exemplary embod-
iment of the invention using the SPE™ concept. Fig.2
illustrates a high efficiency light source that uses solid
state emitter(s) and down conversion material, in accord-

ance with an exemplary embodiment of the present in-
vention.
[0039] This embodiment has a distributing optic, light
transmissive, enclosure optic 10, which has a cylindrical
geometry. As shown, enclosure optic 10 includes phos-
phor layer 12 embedded in the middle section of the dis-
tributing optic. This configuration effectively splits the dis-
tributing optic into substantially two equal pieces, or por-
tions. That is, the phosphor layer may be a strip that is
substantially parallel to a longitudinal axis of cylindrical
optic 10.
[0040] In one exemplary embodiment, phosphor layer
12 may be a YAG:Ce phosphor layer. In an alternative
exemplary embodiment, the phosphor layer may com-
prise other phosphors, quantum dots, quantum dot crys-
tals, quantum dot nano crystals or other down conversion
material. It will be understood that other embodiments of
the present invention may include a phosphor layer that
is similar to phosphor layer 12. Unlike the embedded
phosphor layer, shown in Fig.2, however, other embod-
iments may have a phosphor layer that is not embedded.
Moreover, the phosphor layer need not be of uniform
thickness, rather it may be of different thicknesses or
different phosphor mixes to create a more uniform color
output.
[0041] One or more LEDs or RCLEDs may be placed
inside the cylindrical optic at a bottom portion, designated
as 14. In an alternative embodiment, one or more
LEDs/RCLEDs may be placed at a location other than at
the bottom portion of the cylindrical optic.
[0042] Short wavelength radiation 16 is emitted from
the LEDs/RCLEDs. Short wavelength radiation is in the
range of 250 nm to 500 nm. Because phosphor layer 12
is substantially in the middle of the cylindrical optic, short-
wavelength radiation from the LEDs/RCLEDs causes
short-wavelength radiation to impinge from either side of
the cylindrical optic onto the phosphor layer 12. The im-
pingement of short-wavelength radiation onto the phos-
phor layer 12 may produce radiation with four compo-
nents: short-wavelength radiation 18, back transferred
from the phosphor layer 12; short- wavelength radiation
20, forward transferred through the phosphor layer 12;
down- converted radiation 22, back transferred from the
phosphor layer 12; and down- converted radiation 24,
forward transferred through the phosphor layer 12. These
four components, which are produced on both sides of
the phosphor layer 12, combine and produce white light
26. By using the light transmissive properties of the cy-
lindrical optic 10, the back transferred short-wavelength
radiation from the phosphor layer 12 and the down-con-
verted radiation back transferred from the phosphor layer
12 may be extracted. Therefore, the overall light output
and efficacy of a phosphor-converted white LED device
is significantly increased.
[0043] As an example, a high-flux blue (470nm) illumi-
nator LED (Shark series) emitter by Opto Technology
may be used. The density of phosphor layer 12 may be
in the range of 4-8 mg/cm2 (other densities are also con-
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templated), the length of cylindrical optic 10 may be in
the range of 2 to 4 inches, and the diameter of the cylin-
drical optic may be about 0.5 inches. As another example,
a different package efficiency and uniformity may be
achieved by changing the phosphor-layer density, and
the length and diameter of the cylindrical optic. Better
efficiency and uniformity of light along the circumference
of the cylindrical optic may be achieved when the cylin-
drical optic is 2.25 inches long.
[0044] The embodiment shown in Fig.2 may be formed
from half-round acrylic rod segments that are cut from a
fully-round acrylic rod and polished. Phosphor may be
mixed with optically clear epoxy and then spread uni-
formly on the flat surface of each rod segment. The rod
segments may then be attached together and put into an
oven to cure the epoxy.
[0045] The overall emission loss for a 2.25 inch optical
element (cylindrical optic) was found to be approximately
16%. The losses included: 6% light reflected back to the
LED, 7% Fresnel loss, and 3% irrecoverable loss due to
mounting hardware.
[0046] Approximately half of the losses may be attrib-
uted to the Fresnel loss, which occurs at the boundaries
between media having different refractive indices. Fres-
nel losses may be reduced by using a coupling mecha-
nism between the LEDs/RCLEDs and the cylindrical op-
tic. In addition, losses may be recovered by using an anti-
reflective coating on the LEDs/RCLEDs to prevent light
from reflecting back to the LEDs/RCLEDs.
[0047] Fig.3 is a cross-sectional view of the cylindrical
optic, at the bottom portion, designated as 14. As shown,
cylindrical optic 10 includes two half-round acrylic rod
segments 14a and 14b. Phosphor layer 12 is sandwiched
between acrylic rod segment 14a and acrylic rod seg-
ment 14b. Each acrylic rod segment includes short wave-
length radiation emitting sources 17 and 19. Short wave-
length radiation emitting sources 17 and 19 may each be
a semiconductor short wavelength radiation emitting di-
ode, such as a light emitting diode (LED), a laser diode
(LD), or a resonant cavity LED (RCLED). It will be under-
stood that one or more than two light emitting sources
may be included in bottom portion 14. As such, there may
be an array of multiple light emitters disposed within acryl-
ic rod segment 14a and another array of multiple light
emitters disposed within acrylic rod segment 14b. These
arrays may be arranged symmetrically with respect to
each other, in a manner that is similar to light sources 17
and 19, which are shown disposed symmetrically about
phosphor layer 12 of Fig.3.
[0048] Figs. 2A and 2B illustrate another embodiment
of the present invention having the distributing optic, light
transmissive enclosure 10. Fig.2A is an alternative em-
bodiment of a high efficiency light source that uses mul-
tiple colored light emitting sources and down conversion
material. Fig.2B is a cross-sectional view of a bottom
portion of the high efficiency light source shown in Fig.2A.
[0049] In one exemplary embodiment, down conver-
sion material 12 may be sandwiched between two diffus-

er layers 20 and 22. The embodiment illustrated in these
figures also uses the SPE™ technique. In this embodi-
ment, and in all embodiments disclosed herein, the down
conversion material 12 may comprise one or more phos-
phors such as YAG:Ce; YAG:ce phosphor plus Eu phos-
phor; YAG:Ce phosphor plus cadmium-selenide (CdSe);
or other types of quantum dots created from other mate-
rials including lead (Pb) and Silicon (Si); and other phos-
phors that have been identified in a copending PCT ap-
plication filed on June 20, 2006 (Attorney Docket RPI-
143WO). In other alternative embodiments, the phosphor
layer may comprise other phosphors, quantum dots,
quantum dot crystals, quantum dot nano crystals, or other
down-conversion materials. In any embodiment or alter-
native embodiment, the down conversion region may be
a down conversion crystal instead of a powdered material
mixed into a binding medium.
[0050] One or both of the diffuser layers 20, 22 may
be a microlens layer or micro or nano scattering particles
diffused in polymer or other material having the charac-
teristics of beam control for the forward transferred and
back transferred radiation. Both the phosphor layer 12
and the diffuser layers 20 and 22 may be embedded in
the middle section of the distributing optic 10, as if splitting
the distributing optic 10 into substantially two equal piec-
es, or portions. That is, the phosphor layer 12 and the
diffuser layers 20, 22 may be substantially parallel to a
longitudinal axis of the distributing optic 10. In an alter-
native embodiment, neither the phosphor layer 12 nor
the diffuser layers 20, 22 need to be embedded. In an
exemplary embodiment, the phosphor layer 12 may be
bonded to the diffuser layers 20, 22. In an alternative
embodiment, the phosphor layer 12 need not be bonded
to the diffuser layers 20, 22.
[0051] Phosphor layer 12 and diffuser layers 20, 22
need not have the rectangular shape illustrated in Figs.
2A and 2B. In alternative embodiments, the diffuses lay-
ers 20, 22 may be curved, round, square, triangular, or
other shapes. In addition, their shapes may change along
the longitudinal axis of the distributive optic 10. Further-
more, the respective sizes (respective lengths or widths)
of the phosphor layer 12 and the diffuser layers 20, 22
need not be the same. For example, the length or width
of the phosphor layer 12 may be different than one or
both of the diffuser layers 20, 22.
[0052] In yet another alternative embodiment, a single
diffuser layer may be disposed in between two phosphor
layers. In still another alternative embodiment, a diffuser
layer may be disposed in the distributing optic without
any phosphor layer.
[0053] A radiation source 24 may comprise a plurality
of light emitting sources that may emit multiple color ra-
diation. That is, each of the plurality of light emitting sourc-
es may exhibit a spectrum that is different from a spec-
trum of at least one of the other light emitting sources.
Each of the light emitting sources 24 may be one or more
LEDs, or one or more LDs (laser diode), or one or more
RCLEDs. Any of the embodiments described herein may
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be one or more of these types of diodes. The plurality of
multiple colored light emitting sources 24 may be mount-
ed on a board or substrate 14 so that the LEDs 24 are
disposed within the confines of the distributing optic 10
when the distributing optic 10 is mounted on the board
14. That is, the multicolored LEDs 24 may be placed on
board 14 so that they are inside the distributing optic 10
when the bottom of the distributing optic 10 is mounted
on board 14.
[0054] In this exemplary embodiment, and in all of the
embodiments disclosed in this application, individual
ones of the LEDs 24 may exhibit one or more of the colors
red, green, and blue. For example, if three LEDs are used
in this embodiment, one LED may emit red light, a second
LED may emit green light, and the third LED may emit
blue light. That is, each of the LEDs (sometimes referred
to as chips) may produce its own respective narrow band
of radiation, or may produce both narrow bands and wide
bands of radiation. In an alternative embodiment, one or
more of the LEDs may display a color other than red,
green, or blue. Although Figs. 2A and 2B illustrate three
LEDs, alternative embodiments may use fewer or more
LEDs. In addition, the number of LEDs placed on each
side of the phosphor layer 12 may be the same or may
be different. All of the embodiments of the device may
mix multiple spectra to create white light or may create
various shades of colors with uniform illumination and
color without reducing the overall luminous efficiency.
[0055] The colors that may be displayed by the LEDs
in any embodiment may depend upon the use to which
the device is put. In some embodiments, multiple colors
may be used. In other embodiments, only two colors may
be used. In some embodiments more than one LED may
emit a particular color. Even if the multiple colored light
emitting sources 24 are capable of emitting a plurality of
colors, all of the colors need not be emitted in every em-
bodiment. Instead, only some of the colors may be emit-
ted in a particular embodiment or the hue of a particular
color may be modified in ways that are known to one of
ordinary skill in the art. The use of LEDs emitting different
colors and the use of techniques that may modify the hue
of one or more colors may enable one to dynamically
change the emitted colors based upon a user’s needs.
[0056] As illustrated in Fig.2B, some of the multiple
colored light emitting sources 24 may be placed adjacent
a first side 12A of the phosphor layer 12 and others of
the multi-colored LEDs 24 may be placed adjacent a sec-
ond side 12B of the phosphor layer 12. Each of the mul-
tiple colored light emitting sources 24 may be placed at
one or more predetermined distances from the phosphor
layer 12.
[0057] In an alternative embodiment of Figs. 2A and
2B, the multiple colored radiation emitting sources 24
may be placed at a location other than on board 14 or
may be placed at a location other than at the bottom of
the distribution optic 10. In another alternative embodi-
ment, multi-colored LEDs may be placed adjacent both
ends 15, 16 of the distributing optic 10. In yet other alter-

native embodiments, the phosphor layer 12 may be used
without one or more of the diffuser layers 20, 22 or one
or more of the diffuser layers 20, 22 may be used without
phosphor layer 12.
[0058] Fig.4 illustrates another exemplary embodi-
ment of the invention using the SPE™ technique. It illus-
trates another high efficiency light source that may use
multiple solid state emitters and down conversion mate-
rial. This embodiment may be used in interior spaces
where general ambient lighting is required. As shown,
the device includes phosphor plate 50 (for example
YAG:Ce or other phosphors, as enumerated previously).
The device also includes multiple semiconductor short
wavelength radiation emitting diodes 56 forming an array,
such as LED/RCLED array 52. The array 52 is mounted
on substrate 54 that may be of aluminum material. In an
exemplary embodiment, substrate 54 may be circular. In
the exemplary configuration illustrated in Fig.4, the
LEDs/RCLEDs are arranged in a spaced relation to each
other and placed around the circular substrate.
[0059] The array of short wavelength radiation emitting
diodes are placed on the substrate so that the radiation
emitting surfaces of the diodes face toward phosphor lay-
er plate 50. In this manner, diodes 56 emit short wave-
length radiation toward phosphor layer plate 50. As the
short wavelength radiation impinges on the phosphor lay-
er plate, the four components of radiation discussed
above may be produced: short wavelength back trans-
ferred radiation and back transferred down-converted ra-
diation 60; and short wavelength forward transferred ra-
diation and forward transferred down-converted radiation
64. The short wavelength back transferred radiation and
back transferred down converted radiation 60 produces
white light 62. The forward transferred short wavelength
radiation and forward transferred down-converted radi-
ation 64 produces white light 66.
[0060] Figs. 5A and 5B illustrate another exemplary
embodiment of the invention using the SPE™ technique.
It is another embodiment of a high efficiency light source
that uses solid state emitter(s) and down conversion ma-
terial. Fig.5B is a cross- sectional view of the high effi-
ciency light source shown in Fig.5A. As shown, device
500 includes cup 502, and one or more light emitters 501
disposed within cup 502 at a base of cup 502. Also in-
cluded are phosphor layers 503 and 504. Phosphor layer
504 is disposed at the opposite end from the base of light
emitter 501 and at a substantial center from the walls of
cup 502. Phosphor layer 503 is deposited on the inside
of the walls of cup 502. The embodiment shown in Figs.
5A and 5B may be used in interior spaces where general
ambient lighting is required.
[0061] The device 500 includes cup 502 which may be
a transparent cup having one LED/RCLED or multiple
LEDs/RCLEDs emitting short wavelength radiation ar-
ranged in an array. The cup includes one phosphor layer
503 bonded to the inside transparent wall of cup 502.
The other phosphor layer 504 may be bonded only at the
center area of the cup. Accordingly, most of the back
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transferred short wavelength radiation and back trans-
ferred down-converted radiation may exit directly from
the transparent portion of the front surface. Narrow
beams of emitted light from the LED/RCLED are pre-
ferred in this embodiment to minimize short wavelength
radiation from the LED/RCLED directly exiting the trans-
parent portion of the front surface without impinging on
the phosphor layer. The cup may be made of glass or
acrylic.
[0062] The inside portion of cup 502 may be filled with
glass or acrylic material, thereby sandwiching phosphor
layer 503 between cup 502 and the inside portion con-
tained within cup 502. Phosphor layer 504 may also be
bonded onto the exterior surface of the glass or acrylic
material. In an alternate embodiment, phosphor layer 504
may be placed within the glass or acrylic material, in a
manner similar to that described for the phosphor layer
sandwiched between two half-round acrylic rods, shown
in Figs. 2 and 3.
[0063] Fig.6 illustrates yet another exemplary embod-
iment of the invention using the SPE™ technique. It il-
lustrates another high efficiency light source that uses
solid state emitter(s) and down conversion material. It
illustrates an optic device making use of a down conver-
sion material that is remote from a short wavelength ra-
diation emitter. The down conversion material may be a
phosphor. As shown, device 600 includes short wave-
length radiation emitter 602 separated from phosphor
layer 604 by optic device 606 which may be made of a
substantially transparent medium that may be substan-
tially light transmissive. In an exemplary embodiment,
the substantially transparent medium may be air. In an
alternative embodiment, the substantially transparent
medium may be glass or acrylic. Phosphor (or quantum
dot) layer 604 may be mounted or deposited on a portion
of optic device 606 having substantially transparent and
substantially light transmissive walls 610 and 612. Phos-
phor (or quantum dot) layer 604 may include additional
scattering particles (such as micro spheres) to improve
mixing light of different wavelengths. Also, the phosphor
(or quantum dot) layer 604 may be of single phosphor
(or quantum dot) or multiple phosphors (or quantum dots)
to produce different colored down-converted radiation
that may be in several different spectral regions. Alter-
natively, a layer with scattering particles only may be
placed above, or below, or above and below the down
conversion material layer to improve color mixing.
[0064] In an exemplary embodiment, the portion of op-
tic device 606 upon which phosphor layer 604 may be
deposited may be an end 618 of optic device 606. Radi-
ation emitter 602 may be located at another portion of
optic device 606. In an exemplary embodiment, radiation
emitter 602 may be located at another end 620 of optic
device 606. Each of walls 610 and 612 of optic device
606 may be a continuous wall, if optic device 606 has a
circular cross-section.
[0065] Short wavelength radiation emitter 602 may be
located between walls 610 and 612. Both the short wave-

length radiation emitter 602 and the optic device 606 may
be positioned on a base 603. Radiation rays 614 may
comprise radiation transmitted through phosphor layer
604 including forward transferred short-wavelength radi-
ation transmitted though the phosphor layer 604 and for-
ward down-converted radiation transmitted through the
phosphor layer 604.
[0066] Exemplary radiation rays 615 may comprise
back transferred short-wavelength radiation and back
transferred down-converted reflected radiation that may
be emitted and/or scattered back by phosphor layer 604.
Radiation rays 616 may comprise the radiation scattered
back by phosphor layer 604. Radiation rays 616 may
comprise the radiation rays 615 that may be transmitted
through the substantially transparent, substantially light
transmissive walls 610 and 612. Although exemplary ar-
rows 615 show back transferred radiation being trans-
ferred around the middle of side walls 610 and 612, it will
be understood that back transferred radiation may be
transferred through side walls 610 and 612 at multiple
locations along the side walls 610 and 612. The transfer
of radiation outside the optic device 606 may be referred
to as extraction of light. Accordingly, both radiation rays
615 and radiation rays 616 may include short-wavelength
radiation reflected from the phosphor layer 604 and
down- converted reflected radiation that may be emitted
and/or scattered from the phosphor layer 604. Radiation
rays 616 may also include radiation from radiation emitter
602. In an exemplary embodiment, some or all of radia-
tion rays 615 and/or 616 may be seen as visible light.
[0067] The transfer (extraction) of radiation through
side walls 610 and 612 to the outside of optic device 606
may occur because optic device 606 may be configured
and designed with substantially transparent, substantial-
ly light transmissive walls 610 and 612 to extract radiation
from inside optic device 606 to outside optic device 606.
In addition, various widths of optic device 606 may be
varied in order to extract a desired amount of radiation
out of the optic device 606. The widths that may be varied
are the width at the end 618 and the width at the end
620. Similarly, widths of optic device between end 618
and end 620 may be varied. The variation of widths of
optic device 606 between ends 618 and 620 may be ef-
fected by walls 610 and 612 being substantially straight,
curved, or having both straight and curved portions.
[0068] The dimensions of the features of the optic de-
vice 606 discussed above may be varied depending upon
the application to which the optic device 606 may be
used. The dimensions of the features of optic device 606
may be varied, and set, by using the principles of ray
tracing and the principles of total internal reflection (TIR).
When principles of TIR are applied, reflectivity of radia-
tion off of one or both of walls 610 and 612 may exceed
99.9%. The principles of TIR may be applied to all of the
embodiments disclosed in this application.
[0069] In one embodiment of optic device 606, for ex-
ample, the dimensions of optic device 606 may be set in
order to maximize the amount of the radiation from radi-
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ation source 602 that enters into optic device 606. In an-
other embodiment, the dimensions of optic device 606
may be set in order to maximize the amount of radiation
from radiation source 602 that impinges upon down con-
version material 604. In yet another embodiment, the di-
mensions of optic device 606 may be set in order to max-
imize the amount of radiation that is back transferred from
down conversion material 604. In still another embodi-
ment, the dimensions of optic device 606 may be set in
order to maximize the amount of radiation that is extract-
ed through walls 610 and 612. In another embodiment,
the dimensions of optic device 606 may be set in order
to provide a device that, to the extent possible, simulta-
neously maximizes each of the radiation features dis-
cussed above: the amount of radiation entering into optic
device 606; the amount the amount of radiation that im-
pinges upon down conversion material 604; the amount
of radiation that is back transferred from down conversion
material 604; and the amount of radiation that is extracted
through walls 610 and 612. In still another embodiment,
the dimensions of optic device 606 may be set so that
any or all of the features discussed above are not max-
imized. The principles of ray tracing and the principles of
TIR may be used in order to implement any of these em-
bodiments.
[0070] The principles discussed with respect to the em-
bodiment illustrated in Fig.6 may also be applied to all of
the embodiments illustrated and discussed herein.
[0071] As indicated above, radiation source 602 may
be an LED, an RCLED, or a laser diode (LD). If an LD is
used as radiation source 602, all of the radiation from the
LD may directed to, and may impinge upon, the down
conversion layer 604. Accordingly, when an LD is used,
the shape of the optic device 606 may be in the shape
of a cylinder because substantially none of the back
transferred radiation may bounce back toward the LD
and substantially all of the back transferred radiation may
be extracted through the sides of the cylinder.
[0072] Fig.7 illustrates yet another exemplary embod-
iment of the invention using the SPE™ technique. Fig.7
depicts a reflector at least partially surrounding the high
efficiency light source shown in Fig.6, for redirecting the
rays emitted from the light source(s). As shown, device
700 includes device 600 disposed within reflector 702.
Reflector 702 has a geometric shape of a parabola for
illustration purposes. The invention is not so limited in
that reflector 702 may have other geometrical shapes,
such as a cone, a sphere, a hyperbola, an ellipse, a pyr-
amid, or may be box-shaped, for example. Advantages
of device 700 may include better control of the beam
output distribution and better uniform output of the color.
Whenever a reflector is illustrated in any of the embodi-
ments disclosed herein, the shape of the reflector may
be any of these shapes.
[0073] Substrate 603 may be used for mounting the
short wavelength radiation emitting source (602), one
end of optic 606, and one end of reflector 702, as shown
in Figs. 6 and 7.

[0074] Light rays 616 may impinge on reflector 702
which may redirect them forward as light rays 714. Ad-
vantageously, the direction of light rays 714 are desirably
generally in the same direction as radiation rays that may
be transmitted through the phosphor layer. Consequent-
ly, the total light output of the device 700 may be a com-
bination of radiation transmitted through the phosphor
layer and light rays 714. As indicated in the discussion
of the embodiment illustrated in Fig.6, the principles of
TIR may also be applied to the embodiment illustrated in
Fig.7. Light that escapes from optic device 606 may be
captured by reflector 702. Some of the light captured by
reflector 702 may be redirected by reflector 702 in the
direction generally indicated by arrow 714 and some of
the light may be redirected back into optic device 606.
The effects described herein of combining the principles
of TIR with the use of a reflector may apply to all embod-
iments illustrated in this application that use a reflector.
[0075] Similar to the other embodiments of the inven-
tion, short wavelength radiation emitting source 602 may
be one or multiple semiconductor short wavelength ra-
diation emitting diodes, such as an LED, LD or RCLED.
The short wavelength radiation emitting diodes may be
mounted in an array of diodes, similar to the array of light
sources depicted as array 52 in Fig.4. In addition, phos-
phor layer 604 may be similar to phosphor layer 50 de-
picted in Fig.4.
[0076] Fig.7A illustrates another exemplary embodi-
ment of the invention using the SPE™ technique. The
exemplary embodiment illustrated in Fig.7A uses multi-
ple colored radiation emitting sources. As shown, device
710 includes optic device 704 disposed within reflector
702. Optic device 704 may have substantially transparent
walls 707 and 708. Down conversion material layer 706
and diffuser layer 705 may be mounted or deposited on
a portion of optic device 704 that may be an end 714 of
optic device 704. Reflector 702 may be used to control
the output beam distribution of the device 710 as well as
to achieve uniform color output from the device 710. Optic
device 704 and reflector 702 may both be mounted onto
substrate 703. Substrate 703 may provide an electrical
connection and/or heat dissipation for light sources. In
an alternative embodiment, optic device 704 may be
used without reflector 702.
[0077] The embodiment illustrated in Fig.7A may have
multiple colored radiation emitting sources 701. The na-
ture of the multiple colored radiation emitting sources 701
may be the same as described elsewhere in this appli-
cation with respect to other embodiments of this inven-
tion. The multiple colored radiation emitting sources 701
may be located on a portion of the optic device 704 that
may be at an end 712 of the optic device 704. As stated,
down conversion material layer 706 and a diffuser layer
705 may be located at another end 714 of the optic device
704. The characteristics of the down conversion material
layer 706, the characteristics of the diffuser layer 705,
and the number of layers comprising the down conver-
sion material layer 706 and the diffuser layer 705 may
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be the same as described elsewhere in this application
with respect to other embodiments of this invention. As
described elsewhere in this application, for example, the
down conversion material layer 706 may be a phosphor
layer. The optic device 704 may be a substantially trans-
parent medium or other medium described elsewhere in
this application with respect to other embodiments of this
invention. For example, optic device 704 may be made
of glass, or acrylic, or polymer, or silicon or any other
material that is substantially light transmissive.
[0078] It will be understood by those skilled in the art
that phosphor layer 706 may also affect light in the same
way that a diffuser layer affects light by providing uni-
formity to the light. That is, phosphor layer 706 may also
function as a diffuser. The additional diffuser layer 705
therefore may make the light more uniform than the light
may be if a phosphor layer 706 is used alone. In other
embodiments, the positions of the phosphor layer 706
and the diffuser layer 705 can be switched. That is, phos-
phor layer 706 may be located on top of the optic device
704 and diffuser layer 705 may be located on top of the
phosphor layer 706. In yet another embodiment, phos-
phor layer 706 may be used without diffuser layer 705.
In still another embodiment, diffuser layer 705 may be
used without phosphor layer 706. Regardless of whether
a phosphor is used alone, a diffuser is used alone, or
both a phosphor and a diffuser are used together, the
purpose of using one or both of them may be to provide
uniformity to the light and uniformity to any colors that
may be emitted by the radiation emitting sources 701.
[0079] Figs 7B-7D illustrate different ways of dispers-
ing the down conversion material 706 used in the em-
bodiment illustrated in Fig.7A and with all of the other
embodiments illustrated herein. As illustrated in Fig.7B,
down conversion materials such as phosphor may be
uniformly dispersed within the down conversion material
layer 706.
[0080] As illustrated in Fig.7C, the down conversion
material layer 706 may comprise a plurality of down con-
version materials. Each one of the plurality of down con-
version materials may have different densities of down
conversion materials depending on the distance from the
center of the layer of down conversion material. For ex-
ample, down conversion material layer 706 may have
four segments, each of the segments have a different
density. A first segment of down conversion material
706A having a first density of down conversion material
may be at the center of the down conversion material
layer 706. A second segment of down conversion mate-
rial 706B having a second density of down conversion
material may surround the first segment of down conver-
sion material 706A. A third segment of down conversion
material 706C having a third density of down conversion
material may surround the second segment of down con-
version material 706B. A fourth segment of down con-
version material 706D having a fourth density of down
conversion material may surround the third segment of
down conversion material 706C Although each of the

aforesaid segments of down conversion material are
shown as having a circular shape, each of the segments
may each have different shapes. For example, they could
be in the shape of a square, a triangle, or other polygonal
shape or any shape other than polygonal. In addition,
more or fewer segments of down conversion material
may be used.
[0081] A different way of dispersing down conversion
material is illustrated in Fig.7D. As shown in Fig.7D,
specs or "sesame dots" (that is, small pieces) of down
conversion material may be dispersed about the second-
ary optic device. For example, the specs of down con-
version material may be deposited on top of the second-
ary optic device 708 or may be embedded within the top
surface at end 714 of the secondary optic device 704.
The specs of down conversion material may be randomly
dispersed or may be dispersed in a predetermined pat-
tern.
[0082] The embodiments of a phosphor disclosed in
Figs. 7B to 7D along with other embodiments of phos-
phors discussed elsewhere in this application may be
used to adjust phosphor density in order to obtain a de-
sired color and hue. Such adjustments may be made with
any embodiment disclosed in this application whether
the embodiment is intended to produce white light or light
of a particular color. For example, an embodiment may
use a mixture of blue and yellow phosphors. An alterna-
tive embodiment may use a mixture of multiple kinds of
phosphors such as quantum dots, quantum dot crystals,
and quantum dot nano crystals. Still other embodiments
may use a blue LED either with a single phosphor or a
blue LED with multiple phosphors in order to obtain dif-
ferent tones of white light. Still other embodiments may
use multiple color LEDs with a diffuser. Additional em-
bodiments may use any combination of these features.
[0083] As indicated elsewhere in this application, re-
spective ones of the radiation emitting sources 701 may
emit blue light, green light, or red light in any combination.
Different hues of each color may also be used. If one or
more of the radiation emitting sources 701 emits blue
light, and if the layer 706 is a phosphor, the blue light
may be down converted as described elsewhere in this
application resulting in the four components of radiation
described elsewhere in this application. If one or more
of the radiation emitting sources 701 emits blue light, and
if the layer 706 is not a phosphor but is a different kind
of diffuser material, the blue light impinging on the layer
706 may not be down converted. If one or more of the
radiation emitting sources 701 emits red light or emits
green light, or emits light of any color other than blue,
such light may not be down converted whether layer 706
is a phosphor material or other diffuser material. If blue
light, green light, and red light all impinge on layer 706
when a phosphor is used, white light may result depend-
ing upon the density of the phosphor.
[0084] Regardless of what colors are respectively
emitted by the radiation emitting sources 701, and re-
gardless of whether a phosphor or another diffuser ma-
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terial is used, when light from the radiation emitting sourc-
es 701 impinges on the phosphor or other diffuser ma-
terial, forward transferred radiation and back transferred
radiation results. In the case of blue light impinging on a
phosphor layer, the resulting components of radiation
may be as described with respect to Fig.14. In the case
of other colors impinging on a phosphor layer, the forward
transferred light and the back transferred light may be
the same color as the impinging light. For example, if red
light impinges on phosphor layer 706, the forward trans-
ferred light and the back transferred light may also be
red light. The same result would obtain with green light,
or any other color besides blue. The same results may
obtain if a diffuser material other than phosphor is used.
[0085] Figs. 8A through 8E depict different cross-sec-
tion shapes of the optic element that may be used with
the embodiments of the SPE™ technique described
herein. Optic element 801 illustrated in Fig.8A is of a con-
ical geometry having a top surface 8012. Alternative optic
element 802 illustrated in Fig.8B is of a spherical geom-
etry having a top surface 8022. Alternative optic element
803 illustrated in Fig.8C is of a hyperbolic geometry hav-
ing a top surface 8032. Alternative optic element 804
illustrated in Fig.8D may have conical walls and a con-
cave top surface 8042. Alternative optic element 805 il-
lustrated in Fig.8E may have conical walls and a convex
top surface 8052. Other geometrical shapes may include
a parabolic or elliptical shape. In addition, the top of the
wider surface of each optical element may be flat, or may
have another geometrical shape.
[0086] Similar to the other embodiments, optic ele-
ments 801 through 805 may be made of a substantially
transparent material, thereby functioning like an optical
lens (similar to optic device 606 of Fig.6).
[0087] Although not shown in Figs. 8A to 8E, a reflector
(similar to reflector 702, shown in Fig.7) may be posi-
tioned to surround each optical element 801 through 805.
Furthermore, each optical element 801 through 805 may
include a down-conversion material layer and a diffuser
layer (similar to phosphor layer 706 and diffuser layer
705 shown in Fig.7A). This phosphor layer and diffuser
layer (not shown in Figs. 8A to 8E) may be deposited on
top one of the respective top surfaces 8012, 8022, 8032,
8042, 8052 of each optical element, opposite to its re-
spective light emitting source. Alternatively, this phos-
phor layer and diffuser layer (not shown in Figs. 8A to
8E) may be sandwiched within each optical element, near
one of the respective top surfaces 8012, 8022, 8032,
8042, 8052 of the respective optical elements and oppo-
site to its respective light emitting source. In other em-
bodiments, as discussed with respect to Fig.7A, the po-
sitions of the phosphor layer 706 and the diffuser layer
(not shown in Figs. 8A to 8E) be switched. That is, phos-
phor layer 706 may be located on top of a respective one
of the optic devices 801, 802, 803, 804, 805 and a diffuser
layer (not shown in Figs. 8A to 8E) may be located on
top of the phosphor layer 706. In yet another embodi-
ment, phosphor layer 706 may be used without a diffuser

layer. In still another embodiment, a diffuser layer (not
shown in Figs. 8A to 8E) may be used without phosphor
layer 706.
[0088] Figs. 8F and 8G illustrate the embodiments of
invention using the SPE™ technique includes respective
radiation sources, respective reflectors, and an optic de-
vice that may exhibit one of the cross-section shapes 801
through 805 illustrated in Figs. 8A to 8E. In Fig.8F, a
reflector 806 and a secondary optic device 810 are both
revolved objects with a common central axis (not shown).
In Fig.8G, a reflector 812 and an optic device 814 are
both extruded along their respective long axis. The sec-
tional view of reflectors 806 and 812 may have a cross-
section shape of a parabola, or other geometrical shapes,
such as a cone, a sphere, a hyperbola, an ellipse, a pyr-
amid, or may be box-shaped, for example.
[0089] Referring next to Figs. 9A and 9B, there is
shown a two dimensional linear array of lenses, generally
designated as 900. As shown in Fig.9A, an array of NxM
high efficiency light source devices are arranged on top
of a lightpipe 912. Although lightpipe 912 is illustrated in
Fig.9A as having a rectangular shape, it will be under-
stood that it may have a shape other than rectangular.
Three of the exemplary light source devices are desig-
nated as 910, 920 and 930. The remaining light source
devices in the NxM array may be identical to any one of
the light source devices 910, 920, or 930. In alternative
embodiments, lightpipe 912 may have a circular shape
or another shape. Also in alternative embodiments, the
array of lenses may have a radial placement or may be
placed in other patterns.
[0090] As best shown in Fig.9B, each of light source
devices 910, 920, 930 may include radiation emitter 902,
lens 904 such as optic device 606 and a phosphor layer
(not shown), which may be similar to phosphor layer 604
of Fig.6. Also included may be a reflector 906, which may
redirect transmitted and reflected light from radiation
emitter 902 towards lightpipe 912.
[0091] Lightpipe 912, as shown, may include side 914
abutting light source devices 910, 920, and 930, and an-
other opposing side 916 further away from the light
source devices. On top of opposing side 916, there may
be a microlens layer 918. The microlens layer may be
bonded to the deposited phosphor layer.
[0092] As best shown in Fig.9C, one or more of the
exemplary light source devices 910, 920 and 930 may
be similar to device 710 of Fig.7A, including multiple
colored light emitting sources, a lens such as optic device
704, a down conversion material layer such as layer 706,
and a diffuser layer such as layer 705. For example, in
this alternative embodiment, light source device 910 may
include multiple colored light emitting sources 902, lens
904 such as optic device 704, a down conversion material
layer (not shown), which may be similar to down conver-
sion material layer 706 of Fig.7A, and a diffuser layer (not
shown), which may be similar to diffuser layer 705 of
Fig.7A. Also included may be a reflector 906, which may
be similar to the reflector 702 of Fig.7A. Each of the other
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light source devices may also have multiple colored light
emitting sources, a lens such as the optic device dis-
closed with respect to Fig.7A, a down conversion material
layer and a diffuser layer similar to the elements con-
tained in light source device 910. In yet another embod-
iment, optic device 904 may not have a down conversion
material layer deposited on it.
[0093] Lightpipe 912, as shown in Fig.9C, includes side
914 abutting exemplary light source devices 910, 920
and 930, and another opposing side 916 further away
from the exemplary light source devices. On top of op-
posing side 916, there may be deposited microlens layer
940.
[0094] Figs. 10A and 10B illustrate another exemplary
embodiment of a high efficiency light source, generally
designated as 1040, in which individual light source de-
vices may be spaced around the edges of a lightpipe
1042. As shown in Fig.10A, several light devices, such
as exemplary light source devices 1046, 1048, 1050, and
1052, etc. may be placed around the edges of lightpipe
1042.
[0095] A cross-section of exemplary high-efficient light
source 1040 is shown in Fig.10B. As shown in Fig.10B,
exemplary light source device 1046 may be configured
to direct light into lightpipe 1042. Lightpipe 1042 may
include a first side 1062 of light pipe 1042 and a second
side 1064. A microlens layer 1066 may be placed adja-
cent first side 1062 of light pipe 1042 and another mic-
rolens layer 1068 may be placed adjacent second side
1064 of lightpipe 1042. Although lightpipe 1042 is illus-
trated as having a polygonal shape, it may also have a
circular shape or other shape.
[0096] In one embodiment of the embodiment illustrat-
ed in Figs. 10A and 10B, each of the exemplary light
source devices 1046, 1048, 1050 and 1052 may be sim-
ilar to device 700 of Fig.7, including a short wavelength
radiation emitter, a lens such as an optic device described
herein, and a down conversion material layer. For exam-
ple, exemplary light source device 1046 may be mounted
onto edge 1060 of lightpipe 1042. Exemplary light source
device 1046 may include short wavelength radiation
emitter 1054, lens 1056 such as optic device 606, and a
down conversion material layer (not shown), which may
be similar to down conversion material layer 604 of Fig.6
or similar to down conversion material layer 706 of
Fig.7A. Also included may be reflector 1058, which may
redirect the back transferred radiation and forward trans-
ferred radiation from lens 1056 towards the edge 1060
of lightpipe 1042, and into lightpipe 1042. The reflector
1058 may be similar to reflector 702 of Fig.7. Additional
light source devices may be placed along edge 1060 and
along edge 1070. Even more light source devices may
be placed along the other two edges of lightpipe 1042
that are not shown in Figs. 10A and 10B. All of the light
source devices, other than light source device 1046, may
also have a similar short wavelength radiation emitter, a
lens, and a down conversion material layer similar to the
elements contained in light source device 1046. It will be

understood that even though Fig.10A shows five light
source devices along each of edges 1060 and 1070, few-
er or more light source devices may be used along each
of edges 1060 and 1070 and along the edges that are
not shown in Fig.10A.
[0097] In another alternative embodiment, one or more
of the exemplary light source devices 1046, 1048, 1050
and 1052 may be similar to device 710 of Fig.7A, includ-
ing multiple colored light emitting sources, a lens such
as an optic device, a down conversion material layer, and
a diffuser layer. In this alternative embodiment, exem-
plary light source device 1046 may include multiple color-
ed light emitting source 1054, lens 1056 such as optic
device 704, a down conversion material layer (not
shown), which may be similar to down conversion mate-
rial layer 706 of Fig.7A, and a diffuser layer (not shown),
which may be similar to diffuser layer 705 of Fig.7A. Each
of the exemplary light source devices shown in Fig.10A
may also have a reflector such as exemplary reflector
1058, which may be similar to the reflector 702 of Fig.7A.
The reflector may re-direct light from the multiple colored
light emitting sources and the back transferred light from
respective down-conversion material or diffuser layer to-
ward the edge 1060 of lightpipe 1042, and into lightpipe
1042. Each of the other light source devices may also
have multiple colored light emitting sources, a lens, a
down conversion material layer and a diffuser layer sim-
ilar to the elements contained in light source device 1046
that may transmit their respective light into lightpipe 1042
through respective edges of lightpipe 1042. In another
embodiment, optic device 1056 may not have the diffuser
layer. In yet another embodiment, optic device 1056 may
not have a down conversion material layer deposited on
it.
[0098] On top of sides 1062 and 1064 of Lightpipe
1042, as shown in Fig.10B, there may be deposited mi-
crolens layer 1066 and 1068.
[0099] Fig.11 illustrates still another exemplary em-
bodiment of the invention. As shown, device 1110 in-
cludes a short wavelength radiation source 1100, a lens
1102 which may be any of the optic devices described
herein, and a phosphor layer 1104. The phosphor layer
may be deposited on top of lens 1102, so that the phos-
phor layer is away from the short wavelength radiation
source 1100, in a manner that is similar to that shown in
Figs. 6, 7, 7A, for example. The light source/lens/phos-
phor configuration may be at least partially surrounded
by a reflector 1106 having a high-reflectance. In an ex-
emplary embodiment the measured reflectance of reflec-
tor 1106 may be in the range of 90% to 97%. In addition,
a high efficiency microlens diffuser 1108 may be placed
across the top of reflector 1106. In an exemplary embod-
iment, the microlens diffuser may exhibit greater than
95% efficiency. The reflectance of other reflectors de-
scribed in this application may be the same as the re-
flectance of reflector 1106. The efficiency of other diffus-
ers described in this application may be the same as the
efficiency of diffuser 1108.
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[0100] Fig.11A illustrates another embodiment of the
invention. Fig.11A shows a device 1120 which may in-
clude multiple colored radiation emitting sources 1122,
an optic device 1124, and a down conversion material
layer 1126. The optic device 1124 may be mounted ad-
jacent the multiple colored radiation emitting sources
1122. The down conversion material layer 1126 may be
mounted or deposited on one portion or on one end 1129
of the optic device 1124 so that the down conversion
material layer 1126 is away from the multiple colored
radiation emitting devices 1122. Although Fig.11A illus-
trates three multiple colored radiation emitting sources
1122, it will be understood that more or fewer multiple
colored radiation emitting sources 1122 may be used for
the reasons explained with respect to other embodiments
illustrated in this application. The package comprising
the array of multiple colored radiation emitting sources
1122, the optic device 1124, and the down conversion
material layer 1126 may be at least partially surrounded
by a reflector 1128 having a high reflectance. In an ex-
emplary embodiment of this alternative embodiment, the
measured reflectance of reflector 1128 may be in the
range of 90% to 97%. A high efficiency microlens diffuser
1130 may be placed across end 1132 of reflector 1128.
End 1132 may be open if a diffuser is not placed across
it. In an exemplary embodiment, microlens diffuser 1130
may exhibit greater than 95% efficiency. In an alternative
embodiment of the embodiment illustrated in Fig.11A, a
diffuser may be used in place of down conversion mate-
rial layer 1126 and diffuser layer 1130 may be eliminated.
In another embodiment, the side walls of optic device
1124 may be painted white in order to improve color mix-
ing.
[0101] Fig.12 illustrates yet another exemplary embod-
iment of the invention. As shown, device 1210 includes
short wavelength radiation source 1200 facing phosphor
layer 1202 and reflector 1206. A substantially transparent
medium 1204 may fill the space between short wave-
length radiation source 1200 and phosphor layer 1202.
In an exemplary embodiment, phosphor layer 1202 may
be in the shape of a parabola, or other curved shape,
similar to one of the geometric shapes previously enu-
merated. Reflector 1206 may be spaced away from the
phosphor layer 1202 and the radiation source 1200. A
substantially transparent medium 1208 may be used to
fill the space between the phosphor layer 1202 and the
reflector 1206. As shown, phosphor layer 1202 is dis-
posed between the light source 1200 and reflector 1206.
[0102] Fig.12A illustrates still another exemplary em-
bodiment of the invention. As shown, device 1220 in
Fig.12A has a radiation source comprising multiple color-
ed light emitting sources 1222 facing down conversion
material layer such as a phosphor layer 1202 and a re-
flector 1206. Phosphor layer 1202 is disposed away from
light emitting sources 1222. A substantially transparent
medium 1204 may be positioned between multiple color-
ed light emitting sources 1222 and down conversion ma-
terial layer 1202. In an exemplary embodiment, the down

conversion material layer 1202 may be in the shape of a
parabola or other curved shape. Reflector 1206 may be
spaced away from the down conversion material layer
1202 and the multi-colored LED array 1222. A substan-
tially transparent medium 1208 may be present between
the down conversion material layer 1202 and the reflector
1206. In this embodiment, the down conversion material
layer 1202 is disposed between the light emitting sources
1222 and the reflector 1206. In an alternative embodi-
ment, a diffuser layer may be placed across an end 1224
of reflector 1206. End 1224 may be open if a diffuser
layer is not placed across it. In another alternative em-
bodiment, a diffuser layer may be used instead of a down
conversion material layer 1202. If a diffuser layer is used
instead of a down conversion material layer, a diffuser
layer may not be placed across end 1224.
[0103] While it is well known that the phosphor used
in white light-emitting diodes (LEDs) backscatters more
than half the light emitted, no one to date has shown that
this light may be recovered as photons to increase the
overall efficacy of a white light source. The inventors have
experimentally verified a scattered photon extraction
(SPE™) method provided by the various embodiments
of the invention, that significantly increases the overall
efficacy of a white light source. At low currents, the SPE™
package showed over 80 lm/W white light with chroma-
ticity values very close to the blackbody locus.
[0104] Of the different methods available for creating
white light, the phosphor-converted emission method is
the most common. A first phosphor-converted white LED
uses cerium doped yttrium aluminum garnet (YAG:Ce)
phosphor in combination with a gallium nitride (GaN)
based blue LED. In a typical white LED package, the
phosphor is embedded inside an epoxy resin that sur-
rounds the LED die. Some portion of the short-wave-
length radiation emitted by the GaN LED is down-con-
verted by the phosphor, and the combined light is per-
ceived as white by the human eye. Although these prod-
ucts proved the white LED concept and have been used
in certain niche illumination applications, they are not
suited for general lighting applications because of their
low overall light output and low efficacy.
[0105] To achieve higher luminous efficacy with white
LEDs, improvements are needed at several stages: in-
ternal quantum efficiency, extraction efficiency, and
phosphor-conversion efficiency. Some researchers have
taken on the challenge of researching the materials and
growth aspects of the semiconductor to improve internal
quantum efficiency. Others are exploring shaped chips,
photonic crystals, micron-scale LEDs, and other novel
methods to improve light extraction efficiency. Still others
are investigating new phosphors that have greater down-
conversion efficiencies and better optical properties.
[0106] Although past literature acknowledges that a
significant portion of the light is backscattered by the
phosphor and lost within the LED due to absorption, to
the best of the inventors’ knowledge no one to date has
attempted to improve performance by extracting these
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backscattered photons, by way of the SPE™ method,
provided by the embodiments of the present invention,
which significantly increases the overall light output and
luminous efficacy of a phosphor-converted white LED by
recovering the scattered photons.
[0107] To better understand the interaction between
primary short-wavelength light and phosphor and to
quantify the amount of forward and backward scattered
light, several circular glass plates, 5 cm in diameter, were
coated by the inventors with different densities of
YAG:Ce phosphor ranging from 2 mg/cm 2 to 8 mg/cm2.
These phosphor plates were placed between two side-
by-side integrating spheres with the phosphor coating
facing the right sphere. The phosphor material was ex-
cited by radiation from a 5 mm blue LED placed inside
the right sphere 2.5 cm away from the glass plate. A
spectrometer measured the light output from each
sphere through the measurement ports. Light output
measured from the left and right spheres indicated the
amount of light transmitted through and reflected off the
phosphor layer, respectively. The spectrometer data was
analyzed to determine the amount of flux in the blue and
yellow regions, corresponding to the radiant energy emit-
ted by the LED and the converted energy from the
YAG:Ce phosphor.
[0108] Experimental results showed that the spectral
power distributions for the transmitted and reflected ra-
diations are different, especially the amount of blue-to-
yellow ratio. The amount of transmitted and reflected ra-
diations depends on the phosphor density, with lower
densities resulting in higher percentages of transmitted
radiation. Typically, the phosphor density may be con-
trolled such that the transmitted blue and yellow light are
in the correct proportion to produce white light of a suit-
able chromaticity, which typically places it on or close to
the blackbody locus. From the gathered data, it was es-
timated that about 40% of the light is transmitted when
creating a balanced white light, and the remaining 60%
is reflected. Yamada et al. found similar results, as re-
ported in K. Yamada, Y. Imai, K. Ishii, J. Light & Vis. Env.
27(2), 70 (2003). In a conventional white LED, a signifi-
cant portion of this reflected light is absorbed by the com-
ponents surrounding the die, one of the reasons for its
low luminous efficacy.
[0109] A method by which most of the reflected light
may be recovered is illustrated in Fig.13, which shows
schematically an LED package with SPE™ implement-
ed. Unlike a typical conventional white LED package,
where the phosphor is spread around the die, in the
SPE™ package of the invention the phosphor layer is
moved away from the die, leaving a transparent medium
between the die and the phosphor. An efficient geomet-
rical shape for the package may be determined via ray
tracing analysis. The geometry of the package plays an
important role, and the geometry shown in Fig. 13 effi-
ciently transfers the light exiting the GaN die to the phos-
phor layer and allows most of the backscattered light from
the phosphor layer to escape the optic. Compared with

the typical conventional package, more photons are re-
covered with this SPE™ package. Here again the phos-
phor density determines the chromaticity of the final white
light.
[0110] It is worth noting that the SPE™ package re-
quires a different phosphor density to create white light
with chromaticity coordinates similar to the conventional
white LED package. This difference is a result of the
SPE™ package mixing transmitted and back-reflected
light with dissimilar spectra, whereas the conventional
package uses predominantly the transmitted light.
[0111] To verify that the SPE™ package shown in Fig.
13 provides higher light output and luminous efficacy, an
experiment was conducted with twelve conventional
high-flux LEDs, six 3 W blue and six 3 W white, obtained
from the same manufacturer. A commercial optic that fit
the profile requirements of the SPE™ package was
found, and several were acquired for experimentation
with the LEDs. Although this optical element did not have
the desired geometry shown in Fig. 13 to extract most of
the backscattered light, it was sufficient to verify the hy-
pothesis. The top flat portion of the experiment’s second-
ary optic was coated with a predetermined amount of
YAG:Ce phosphor. The required phosphor density was
determined in a separate experiment by systematically
varying the amount of phosphor density, analyzing the
resulting chromaticity, and selecting the density that pro-
duced a chromaticity close to that of the commercial white
LED used in the experiment. To compare the perform-
ances of the two packaging concepts, the white LEDs
were fitted with uncoated secondary optics. The light out-
put and the spectrum of the commercial white LEDs were
measured in an integrating sphere, and the current and
the voltage required to power the LEDs were also meas-
ured. The same measurements were repeated for the
SPE™ packages, which included blue LEDs fitted with
phosphor-coated secondary optics, as shown in Fig. 13.
[0112] The average luminous flux and the correspond-
ing average efficacy for the SPE™ LED packages were
found to be 90.7 lm and 36.3 lm/W, respectively. The
average luminous flux and the corresponding average
efficacy for the typical white LED packages were 56.5 lm
and 22.6 lm/W, respectively. Therefore, the SPE™ LED
packages on average had 61% more light output and
61% higher luminous efficacy. The variation of luminous
flux and corresponding efficacy between similar LEDs
was small, with a standard deviation of less than 4%. The
SPE™ packages consistently had higher lumen output
and higher efficacy compared with the typical conven-
tional white LED packages.
[0113] The impact of current on light output and effica-
cy was also measured on two LED packages, one typical
white LED and one SPE™ package. These two LEDs
were subjected to the same light output measurement
procedure, but their input current was decreased from
700 mA to 50 mA in several steps, and the corresponding
photometric and electrical data were gathered. At very
low currents, the SPE™ package exceeded 80 lm/W,
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compared to 54 lm/W for the conventional package.
[0114] With the SPE™ package, the backscattered
photons are extracted before they are absorbed by the
components within the LED. It is essential that the phos-
phor layer be placed farther away from the die, and the
backscattered photons be extracted before they undergo
multiple reflections within the package. Moving the phos-
phor away from the die has an additional benefit: the life
of the white LED is also be improved, as demonstrated
in an earlier paper (Narendran, N., Y. Gu, J.P. Freyssini-
er, H. Yu, and L. Deng. 2004. Solid-state lighting: Failure
analysis of white LEDs. Journal of Crystal Growth 268
(3-4): 449-456).
[0115] An alternate method of the present invention to
recover a portion of the back transferred radiation is to
coat the sides of the secondary optics with a reflective
material, as shown in Figs. 5A and 5B. Although the ef-
ficacy may improve compared to a conventional white
LED package, the gain is not as much, because the back
transferred radiation bounces back and forth between
the phosphor layer and the reflectors, and a good portion
of this radiation is absorbed and lost as heat. A drawback
of this method is by increasing the path length of the
short-wavelength radiation traveling through the sur-
rounding epoxy material, the epoxy degrades faster and
thus shortens the useful life of the white LED.
[0116] It will be understood that the geometry of the
SPE™ package shown in Fig. 13 is not limited to this
specific shape. Alternate shapes may be used to recover
the back transferred radiation more efficiently, while ad-
dressing other design concerns, such as color and life.
As one example, in the configuration of Fig. 13, the in-
ventors discovered that a preferred size for the top sur-
face diameter is about 20mm and a preferred size for the
height is about 11mm.
[0117] In summary, the present invention recovers the
back transferred radiation from the down conversion ma-
terial layer or the diffuser layer. In addition, the overall
light output and the corresponding luminous efficacy of
the LED system may be increased significantly compared
to its conventional package. At the same time, the optic
device may mix multiple spectra to create white light and
other shades of colors while with uniform illumination and
color. Applications of embodiments of the invention in-
clude general illumination and backlighting.
[0118] Although the invention has been described with
reference to exemplary embodiments, it is not limited
thereto. Rather, the appended claims should be con-
strued to include other variants and embodiments of the
invention which may be made by those skilled in the art
without departing from the scope of the present invention.
[0119] In one embodiment of the invention, the plurality
of light sources comprises at least one of one of light
emitting diodes (LEDs), laser diodes (LDS), and resonant
cavity light emitting diodes (RCLEDs).
[0120] In one embodiment of the invention, the plurality
of light emitting sources are disposed at a predetermined
distance from the diffuser material.

[0121] In one embodiment of the invention, the plurality
of light emitting sources is disposed adjacent a first por-
tion of the optic device.
[0122] In one embodiment of the invention, the diffuser
material is disposed over one of a portion of a second
end of the optic device or over substantially all of the
second end of the optic device.
[0123] In one embodiment of the invention, the down
conversion material includes at least one material for ab-
sorbing radiation of a first wavelength in a spectral region
and emitting radiation of a second wavelength longer
than the first wavelength in the spectral region.
[0124] In one embodiment of the invention, the diffuser
material comprises at least one layer of down conversion
material adjacent the diffuser.
[0125] In one embodiment of the invention, the diffuser
material for receiving the multicolored radiation compris-
es a plurality of down conversion materials for absorbing
radiation of a first wavelength in a spectral region and
emitting radiation of at least a second wavelength in the
spectral region longer than the first wavelength.
[0126] In one embodiment of the invention, a shape of
the reflector is one of a cone, sphere, hyperbola, parab-
ola, ellipse, pyramid, and box.
[0127] In one embodiment of the invention, the collect-
ing device is disposed adjacent at least two sides of the
optic device.
[0128] In one embodiment of the invention, it further
comprises a heat dissipation device coupled to the radi-
ation source.
[0129] In another embodiment of the invention, the light
emitting apparatus comprises: a radiation source for
emitting multi-colored radiation; an optic device config-
ured to receive radiation emitted from the radiation
source; a diffuser material disposed on a portion of the
optic device receiving at least a portion of the multi-color-
ed radiation received by the optic device and converting
the portion of the multi-colored radiation into forward
transferred light and back transferred light, wherein the
optic device is configured to extract a portion of the back
transferred light.
[0130] In one embodiment of the invention, the radia-
tion source comprises a plurality of light emitting sources,
each of the light emitting sources exhibiting a spectrum
different than a spectrum of at least one other of the other
light emitting sources.
[0131] It follows a list of examples

1. A light emitting apparatus comprising : a radiation
source for emitting multi-colored radiation; a diffuser
material for receiving at least a portion of the multi-
colored radiation emitted by the radiation source and
converting the multi-colored radiation into forward
transferred radiation and back transferred radiation;
and an optic device coupled to the diffuser material
adapted to receive the back transferred radiation and
extract at least a portion of the back transferred ra-
diation from the optic device.
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2. The light emitting apparatus of example 1, wherein
the radiation source comprises a plurality of light
emitting sources, each of the light emitting sources
exhibiting a spectrum different than a spectrum of at
least one of the other light emitting sources.
3. The light emitting apparatus of example 2, wherein
the plurality of light sources comprises at least one
of one of light emitting diodes (LEDs), laser diodes
(LDs), and resonant cavity light emitting diodes
(RCLEDs).
4. The light emitting apparatus of example 2, wherein
a first plurality of light emitting sources are disposed
adjacent a first side of the diffuser material and a
second plurality of light emitting sources are dis-
posed adjacent a second side of the diffuser mate-
rial.
5. The light emitting apparatus of example 2, wherein
the plurality of light emitting sources are disposed at
a predetermined distance from the diffuser material.
6. The light emitting device of example 2, wherein
the plurality of light emitting sources is disposed ad-
jacent a first portion of the optic device.
7. The light emitting device of example 6, wherein
the diffuser material is disposed adjacent a second
portion of the optic device.
8. The light emitting device of example 7, wherein
the diffuser material is disposed over one of a portion
of a second end of the optic device or over substan-
tially all of the second end of the optic device.
9. The light emitting apparatus of example 2, further
comprising a light pipe, wherein the plurality of light
emitting sources are disposed about at least a por-
tion of a circumference of the light pipe for directing
the light into the light pipe.
10. The light emitting apparatus of example 9, further
comprising a micro lens layer disposed on a side of
the light pipe.
11. The light emitting apparatus of example 1, where-
in the diffuser material for receiving the multi-colored
radiation is at least one of a diffuser, a down conver-
sion material, and a microlens.
12. The light emitting apparatus of example 11,
wherein the down conversion material includes at
least one material for absorbing radiation of a first
wavelength in a spectral region and emitting radia-
tion of a second wavelength longer than the first
wavelength in the spectral region.
13. The light emitting apparatus of example 11,
wherein the down conversion material comprises
one of a layer having substantially uniformly dis-
persed material, a layer having a plurality of materi-
als each of the plurality of materials exhibiting a re-
spective density, or material dispersed within the op-
tic device.
14. The light emitting apparatus of example 11,
wherein the diffuser material comprises at least one
layer of down conversion material adjacent the dif-
fuser.

15. The light emitting apparatus of example 11,
wherein the diffuser material comprises at least one
layer of down conversion material positioned away
from the diffuser.
16. The light emitting apparatus of example 1, where-
in the diffuser material for receiving the multi-colored
radiation comprises a plurality of down conversion
materials for absorbing radiation of a first wavelength
in a spectral region and emitting radiation of at least
a second wavelength in the spectral region longer
than the first wavelength.
17. The light emitting apparatus of example 1, where-
in the diffuser material for receiving the multi-colored
radiation comprises at least one of i) a plurality of
diffuser layers and ii) a plurality of down conversion
material layers.
18. The light emitting apparatus of example 1, further
comprising a collecting device for collecting at least
a portion of the back transferred radiation leaving
the optic device.
19. The light emitting apparatus of example 18,
wherein the collecting device includes a reflector dis-
posed around at least a portion of the optic device.
20. The light emitting apparatus of example 19,
wherein a shape of the reflector is one of a cone,
sphere, hyperbola, parabola, ellipse, pyramid, and
box.
21. The light emitting apparatus of example 18,
wherein the optic device is disposed one of on the
collecting device or at a distance away from the col-
lecting device.
22. The light emitting apparatus of example 21,
wherein the collecting device is disposed adjacent
at least two sides of the optic device.
23. The light emitting apparatus of example 18,
wherein the light source is disposed between the col-
lecting device and the diffuser material.
24. The light emitting apparatus of example 1, where-
in the diffuser material is dispersed within the optic
device.
25. The light emitting apparatus of example 1, further
comprising a heat dissipation device coupled to the
radiation source.
26. A light emitting apparatus comprising: a radiation
source for emitting multi-colored radiation; an optic
device configured to receive radiation emitted from
the radiation source; a diffuser material disposed on
a portion of the optic device receiving at least a por-
tion of the multi-colored radiation received by the op-
tic device and converting the portion of the multi-
colored radiation into forward transferred light and
back transferred light, wherein the optic device is
configured to extract a portion of the back transferred
light.
27. The light emitting apparatus of example 26,
wherein the radiation source comprises a plurality of
light emitting sources, each of the light emitting
sources exhibiting a spectrum different than a spec-
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trum of at least one other of the other light emitting
sources.

Claims

1. A light emitting apparatus comprising:

a substrate;
a plurality of radiation emitting source (24, 602,
701, 902, 1054, 1122,1222) disposed on the
substrate;
a down conversion material layer (12, 604, 706,
1104, 1126, 1202) disposed on the plurality of
radiation emitting source for receiving at least a
portion of the radiation emitted by the plurality
of radiation emitting source (24, 602, 701, 902,
1054, 1122, 1222) and converting the radiation
into forward transferred light radiation, or trans-
mitted light radiation, and back transferred light
radiation, or reflected light radiation; and
an optic device (10, 606, 704, 904, 1056, 1124,
1204) disposed on the plurality of radiation emit-
ting source and coupled to the down conversion
material layer (12, 604, 706, 1104, 1126, 1202);
wherein the light emitting apparatus is charac-
terized in that the down conversion material
layer (12, 604, 706, 1104, 1126, 1202) compris-
es a plurality of segments, the plurality of seg-
ments has different down conversion material
densities from each other.

2. The light emitting apparatus of claim 1, wherein the
optic device covers the plurality of radiation emitting
source.

3. The light emitting apparatus of claim 1, wherein the
optic device disposed between the plurality of radi-
ation emitting source and the down conversion ma-
terial layer.

4. The light emitting apparatus of claim 1, wherein the
down conversion material layer comprises a plurality
of down conversion materials.

5. The light emitting apparatus of claim 1, further com-
prising a light pipe (912, 1042) distant from the plu-
rality of radiation emitting source.

6. The light emitting apparatus of claim 1, wherein the
down conversion material layer (706) has an upper
surface which is flat and parallel with the substrate
(703).

7. The light emitting apparatus of claim 1, further com-
prising a diffuser layer (20, 22, 705, 1108, 1130,
1202) disposed on the plurality of radiation emitting
source and optically coupled to a down conversion

material layer.

8. The light emitting apparatus of claim 1, further com-
prising a collecting device (702, 812, 906, 1058,
1106, 1128, 1206) disposed on the substrate and
not pervious to the radiation converted by the down
conversion material layer.

9. The light emitting apparatus of claim 8, wherein the
collecting device includes a reflector (702, 812,906,
1058, 1106, 1128) disposed around at least a portion
of the optic device (704, 814, 904, 1056, 1102, 1124).

10. The light emitting apparatus of claim 8, wherein the
optic device (704, 814, 904, 1056, 1102, 1124) is
distant from the collecting device (1058, 1106, 1128).

11. The light emitting apparatus of claim 1, wherein the
down conversion material layer (706) is dispersed
within the optic device (704).

12. The light emitting apparatus of claim 1, further com-
prising a reflector (702, 812,906, 1058, 1106, 1128)
disposed around the plurality of radiation emitting
source (24, 602, 701, 902, 1054, 1122,1222).
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